Samples of Al-32Si-2Cu intermetallic was subjected to electrochemical cathodic charging and corrosion test in hydrochloric acid (HCl) solution of concentrations ranging from 0.1 to 3.0 M. The influence of cathodic charging current density and time on changing the surface morphology, phase transformation, compositions, and fracture mode has been investigated using X-ray diffraction (XRD) and scanning electron microscope (SEM) coupled with energy dispersive spectroscopy (EDS). A considerable drop in Vickers microhardness value with increasing cathodic charging time of the specimen was observed. Electrochemical polarization facilitates the formation of simple and mixed salt (AlCl 3 , Al 5 Cl 3 (OH) 12 .2H 2 O) over the alloy surface by chloride inclusion in the major corrosion product of hydroxides or oxides of Al.
Introduction
The demand for the consumption of light weight aluminum alloys with improved properties is continuously increasing in automobile industries. In recent years, one particular interest is being given to develop components that explore the properties of high strength to weight ratio, low thermal expansion coefficient, excellent mechanical properties, and ability to resist wear at high temperatures. In this aspect, Al-Si alloys containing copper, magnesium, manganese, zinc, and iron have been considered as a potential candidate to meet their requirements because of silicons ability to dissolve extensively at high temperatures and form homogeneous phase in the aluminum matrix. However, these alloys suffer catastrophic failure when exposed to an environment containing hydrogen and chloride due to hydrogen permeation and corrosive attack. A recent literature survey revealed that most of the research articles have been published from different alloy systems, very little research articles are available on the Al-silicon (Si)-copper (Cu)-magnesium (Mg)-manganese (Mn) alloys. For example, a 7020 aluminum alloy in 3.5% NaCl solution showed that hydrogen embrittlement essentially operated where microcracks exist at the smooth surface of the specimens by mechanical failure or anodic dissolution [1] [2] [3] [4] . Support for the formation of hydrides [5] [6] [7] leading to hydrogen embrittlement [8] [9] [10] [11] [12] , and anodic dissolution of various Al alloys in different corrosive environments is extensive. Studies on improving the environmental cracking either by changing the morphology of grain precipitates during aging treatments 13, 14 or by the addition of different alloying elements are limited. T7 and T73 heat treatments greatly changed the microstructure and slip character on Al-Zn-Mg alloys 7, [15] [16] [17] [18] [19] and improved the resistive properties of stress corrosion cracking (SCC) 20, 21 and corrosion fatigue growth rates 22 and decrease in fatigue resistance on Al-Mg-Li 23 and Al-Cu-Li-2090 alloy 24 in hydrogen environment was also reported. In addition, the susceptibility for pitting corrosion of various other Al alloys when it is used as an anode material has been reported [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . The purpose of the present contribution is to investigate the influence of electrochemical cathodic charging and corrosion behavior of Al-Si-Cu alloy in hydrochloric acid solutions of concentration ranging from 0.1 to 3M.
Experimental Method

Cathodic charging
An aluminum alloy containing a higher Si content than normal was used in this study. Casting procedure was employed to prepare the alloy, and its composition is given in Table1. Cathodic charging was carried out in HCl of 0.1-3.0 M concentration with two distinct current densities of 25 and 50 mA cm -2 in different durations of 24, 48, and 120 hours. The acid concentrations chosen in this study are useful for common industrial applications such as chemical cleaning and processing, acid treatment of oil wells, and other applications 39, 40 . The thickness of the specimen was 0.5 mm. Prior to cathodic charging the electrodes were mechanically polished by using different grades of emery papers to remove the barrier oxide film. The mass changes before and after cathodic charging experiments were measured by a microbalance with an accuracy of ± 1 µg.
Vickers microhardness
Vickers hardness measurements under a load of 100 gf and a testing time of 10 seconds were also performed on each sample in at-least 6 different locations to evaluate the hardness of the specimen.
X-ray diffraction studies
XRD analyses was carried out on the bulk and of the hydrogenated specimen at a scanning rate of 1 deg/min in 2θ ranging from 20-100° with a step size of 0.02° using a Japanese Rigaku D max ν A -ray diffractometer with high intensity of CuKα radiation (λ = 0.151478 nm).
Microstructural studies
Scanning electron microscopy (JEOL 840 SEM) coupled with energy dispersive spectroscopy (EDS) was used to study the change in surface morphology and the nature of the film.
Potentiodynamic polarization
Potentiodynamic polarization was performed in a conventional one compartment three-electrode Pyrex glass cell with a capacity of 400 mL. Prior to polarization, the electrode was subjected to mechanical polishing by different grades of SiC emery paper followed by acetone cleaning to remove the contaminants/oxides on the surface before subsequently rinsing in ultrapure water. The area of the working electrode was 0.3 cm 2 . A platinum foil with a geometric area of 1cm 2 and a saturated calomel electrode (SCE) was used as a counter and reference electrode respectively. All experimental solutions were prepared by using ultrapure water and chemically pure HCl and all experiments were performed at ambient temperature of 24 ± 1 °C and atmospheric pressure of 760 mm Hg with a potentiostat and galvanostat (EG & G, PARC 273A) controlled by M270 software using an IBM-type PC-486 microcomputer. Polarization was carried out 1.0 V from rest potential towards both anodic and cathodic directions in 0.1, 1.0, 2.0, and 3.0 M HCl solutions and obtained the corresponding polarization curves. From the polarization curves the corrosion kinetic parameters such as Eop, Ec, Ic, ba, bc and corrosion rate were evaluated. The surface morphology was examined by SEM and the nature of the corrosion product was analyzed by XRD.
Results and Discussion
When Al is polarized in aqueous HCl solutions, the following cathodic and anodic reactions are feasible. 
According to e.m.f. series, reactions 1 and 3 are energetically favored more than the other two reactions. The anodic dissolution of Al present in the alloy is governed by three electron process primarily by the transfer of Al 3+ ions at the metal-oxide interface 41 . This dissolution is proceeded with the formation of an intermediate species such as Al + or Al 2+ [42] [43] [44] . Even though pure Al is insensitive to hydrogen environments 45, 46 during cathodic charging, many articles reported the hydrogen embrittlement phenomena [47] [48] [49] [50] [51] [52] [53] [54] [55] , dislocation mobility 56 and reduction of ductility 57 when it is coupled with reactive metals or used as cathode in an electrochemical energy devices. Figure 1 shows the variation of mass change during hydrogenation in different charging time and current density. The weight of the specimen was gradually decreased with charging time and the decrease was more influenced at high current density and charging time. The change in pH of the solution near the vicinity of the electrode due to preferential dissolution of Al and hydride formation is the main reasons for the decrease. The relationship between the hardness effects with charging time is presented in Figure 2 .
Effect of hydrogen on vickers microhardness
Increase in VHN values increase at initial stage of charging and start to decrease with further increase in charging time at both current densities revealed high dislocation mobility caused by high hydrogen dissolution, which in turn reduces the surface hardened layer by the formation of brittle compound such as AlH 3 . Moreover non-uniform distribution of dislocation bands and weakened grain boundaries formation due to over loaded hydrogen may also be a substantial reason for the decrease in VHN values.
Effect of hydrogen on lattice parameters
X-ray diffraction patterns of the alloy in as-received and hydrogenated specimens at 25 and 50 mA.cm -2 are presented in Figures 3 and 4 . Sharp and well defined x-ray peaks, originated at an angle of 38.72 and 65.4 with hkl values of 14 and 10, were identified as δ-Al 4 Cu 9 (JCPDS 24-3). The decrease in intensity of these peaks up to 48 hrs showed the transformation of crystalline state or by the change in volume fraction of -Al 4 Cu 9 phases. With a further increase in charging time, the intensity of the peaks obviously increased which indicates the partial reversibility of such transformation due to the establishment of atomic level strain and grain refinement of overloaded hydrogen. These studies also found the formation of AlH 3 (JCPDS 14-1436) at an angle of 75.12° particularly at high charging time and current density. Moreover the formation of readily soluble AlCl 3 (JCPDS 77-0819) at 
Effect of hydrogen on microstructure
SEM images of hydrogenated alloy show different fractographic morphology which mainly depend upon both charging current density and time. Production of hydrogen and hydrous aluminum oxides at the gas-metal interface when aluminum is in contact with aqueous environment may cause two types of environmental effects namely hydrogen embrittlement and oxide barrier effects. Hydrogen absorption at the crack tip surface or by hydrogen -metal interface greatly reduces the fatigue resistance 9 . The latter may reduce the crack propagation rate due to oxide-induced crack closure by the formation of hydrous aluminum oxides on crack flanks 58 . The SEM images of the alloy charged at 25 mA.cm -2 for 24 hours in Figure 5a showed an elongated, shallow dimple with slip offsets which indicate cracking along slip planes and produce rugged fracture surfaces with primarily transgranular cracking combined with some intergranular delamination. The ductile type cracking commonly observed at low charging time on Al-Si-Cu alloy disappeared and was replaced with a relatively rough and irregular fracture appearance at high charging time. SEM images show the morphology of oxide layers (Figure 5b ) and fracture characteristics (Figure 5c ) on the alloy surface charged at 25 mA.cm -2 for 48 and 120 hours respectively. The SEM images of the alloy charged at 50 mA.cm -2 for 24, 48, and 120 hours are shown in Figure 6 . It should be noted that these fracture planes considerably deviate from the normal mode of fracture with increased current density and charging time. Even though hydrogen embrittlement phenomenon is associated with serious processes, the overall crack growth depends upon the rate at which it is absorbed into the materials. Very low diffusion of hydrogen and theories associated with dislocation transport of hydrogen for aluminum alloys have been proposed in order to account for the hydrogen embrittlement phenomenon 59, 60 . EDS analysis was performed to understand the compositional changes on the alloy surface. Table 2 shows the compositional changes around the surrounding matrix. More oxide formation and chloride inclusion in the crack tip and fracture surface was clearly evident from Figure. 7. The distribution of non-uniform clusters of oxides was seen on the surface (Figures 5 and 6 ) which reduces the initiation of cracks.
Also microstructural observation and compositional analysis proved the distribution of different sized intermetallic particles. The composition of the distributed intermetallic particles deviated slightly from the bulk specimen. These changes may be due to the effect of hydrogenation leading to the transformation of particles. SEM observations under high magnification showed no distinct sign of dendrite structure. The defects arising during hydrogenation are matrix void formation and disappearance of fine crystalline particles, and segregation of crack in the hydrogen concentrated region. The experimental results further indicated that the alloy structure was not only changing by charging time but also dependent on cathodic current density. If it is assumed that the low charging time has little effect on fracture of the alloy, the variation in crack propagation at a particular current density must be attributed to the microstructural changes of the material with charging time. Figures 5 and 6 show numerous microcracks on the surface of the sample indicated the brittle nature of the compound played a significant role in crack.
Corrosion studies
Open circuit potential
The variation of open circuit potential with immersion time in 0.1, 1.0 and 2.0 M HCl solutions is shown in Figure 8 . Initially the anodic current of alloy is increased and then reaches a steady state value. These results reveal that the improvement of pitting corrosion resistance insignificantly reduced. An anodic current density value which surprisingly first increases and then decreases in 3.0 M HCl indicates that the initiation of pit growth rate is considerably lower. The increased pitting susceptibility in acidic chloride solution may be due to the decreased resistance of the surface film by incorporation of H + ion into the film 61, 62 which creates a way to incorporation of Cl -ions to initiate pit into the film. A number of fluctuations seen in OCP may be attributed to the pitting activity of chloride ions [63] [64] [65] . OCP attainment towards negative values may be ascribed to the growth of stable pits. Isaacs 63 pointed out that the decrease of OCP during the fluctuations is responsible for anodic growth of pits and the increase of OCP following the decrease arises from the oxygen reduction after pits repassivate. In other cases the minimum fluctuations of OCP indicates the minimum availability of surface defect sites for pit initiation. A partial step for the initiation of pits is the penetration of Cl -ions in the oxide film preferentially at the defect sites on Al alloy [66] [67] [68] [69] , which favors the deformation of protective film such as Al 5 Cl 3 (OH) 12 .2H 2 O, Al(OH) 2 Cl, Al(OH)Cl 2 and AlCl 3 [5, 6] .Even though Al 5 Cl 3 (OH) 12 .2H 2 O, Al(OH) 2 Cl and Al(OH)Cl 2 are considered to be barrier films and the soluble nature of AlCl 3 eventually react chemically with Cl -ions to form AlCl 4 -ions. The appearance of AlCl 3 and Al(OH) 3 on the surface of the corroded specimen suggest the occurrence of the following favorable reaction during polarization in solution.
Considering the cathodic reactions, it is understood that decreased cathodic current density results from the decrease in the number of defect sites on the surface with an increase in chloride concentration.
Corrosion potential
Increasing chloride concentration shifted the corrosion potential toward a more active direction and resulted in an increase in the passive current density. Enhancement of the anodic behavior of the material as well as large shift of active potential is ascertained. These results suggest that the corrosion resistance of the material is reduced as chloride concentration increases. The variation of corrosion characteristics have been attributed both to the influence of and to the increased amount of the electrochemically active Al-Cu phase. Hence the pitting potential of the alloy being very sensitive which indicates the chemical stability of the passive film for the Al-Si-Cu alloy was affected by raising chloride concentration. The corrosion potential of the alloy was near -497 mV in 0.1 M HCl solution, but in 3.0 M solution it was near -503 mV. For other solutions it was between and the corrosion potential decreased by -25-50 mV, nobler than that of 3.0 M solutions, but their corrosion current was also higher than that of the 2.0 M solution. Other possible reactions in acid media governed by different authors are presented below (Equations 8, 9 and 10).
The evolution of chlorine at the anodic reaction has been discussed in many papers (Equations 11, 12, 13 and 14) .
The polarization curves obtained for Al-32Si-2Cu alloy in HCl solutions of various concentrations are shown in Figure 9 . Change in chloride concentration changes the shapes and position of the polarization curves. Corrosion kinetic parameters such as corrosion current (Ic), corrosion potential (Ec), and Tafel constants (bc and ba) have been evaluated and are presented in Table 3 . Shift in OCP and Ecorr towards the negative direction is observed as the concentration of HCl is increased. Values of corrosion current/corrosion rate reveal that the alloy corrodes poorly in 3.0 M HCl and is severely affected in 0.1 M HCl which is also confirmed from the lowest and highest values of Icorr and corrosion rate. For other cases these values are lying inbetween. A systematic variation of Tafel slopes was not observed as concentration of HCl increased. Higher hydrogen evolution reaction rate at the cathode increases the exchange current density of the H+/H, possibly shifting the cathodic curve in a greater extent which is evident from highest values of bc. Further, Table 3 dissolution of crystalline phases. A sharp increase in current at metal dissolution current density in Figure 9 is not consistent in 3.0 M HCl solution due to the change of passivating ability of phases. Further, the rapid increase in oxidation current indicates surface build-up at the metal/oxide film interface because of the rate difference of introduction into and transport through the oxide film of Al 3+ ions in the case of Al dissolution into the alkaline solution. As the electrode potential is made to be more positive, the charge transfer reaction at the metal/oxide film interface proceeds more rapidly compared to oxide film dissolution. Therefore, the thickness of oxide film on the Al surface increases at the more positive electrode potential and thus, resistance of surface oxide film increases.
The formation of simple and mixed salts such as AlCl 3 , Al 5 Cl 3 (OH) 12 .2H 2 O, over the alloy surface by chloride inclusion in the major corrosion product of hydroxides or oxides of Al have also been ascertained from the XRD patterns of the corrosion product ( Figure 10 ). The occurrence of aluminum chlorides are less stable compared to the aluminum hydroxides or oxides and therefore react further thereby liberating chloride so that the corrosion process becomes a continuous one.
Conclusions
Based on cathodic charging and potentiodynamic polarization experiments the following important conclusions have been proposed:
• The susceptibility of embrittlement behavior for Al-Si-Cu alloy through the crack propagation process is more pronounced in high charging time of 120 hours and high current density.
• Over loaded hydrogen in the alloy particularly at high charging time and current density develops a partial reversible transformation of microcrystalline to nanocrystalline transformation.
• The decrease in cathodic current density with increasing Cl -ion concentrations presumably due to the enhanced attack of Cl -ions for film repairing processes with relatively low electronic conductivity formed at the surface defects.
• Formation of simple and mixed salts such as AlCl 3 , Al 5 Cl 3 (OH) 12 .2H 2 O over the alloy surface was reasoned out with possible electrochemical reactions. 
